Introduction
============

In 2012, approximately 239,000 women were diagnosed with ovarian cancer worldwide, while 152,000 women succumbed to the disease ([@b1-etm-0-0-6299]). These data suggest that mortality is observed in almost 65% of all women with ovarian cancer, and the mortality rates are even higher in women diagnosed at an advanced disease stage of the disease (stage IV). Treatment of ovarian cancer primarily includes cytoreductive surgery and platinum-based chemotherapy ([@b2-etm-0-0-6299]). Although clinical remission is possible, the long-term outcome remains poor since the majority of patients will relapse and succumb to the disease within 5 years, with the 5-year survival being \~30% ([@b3-etm-0-0-6299],[@b4-etm-0-0-6299]). Therefore, novel therapies need to be integrated into ovarian cancer treatment strategies in order to achieve durable clinical outcomes.

Recently, it has been reported that lanthanum complexes were effective candidate drugs in the treatment of malignant tumors ([@b5-etm-0-0-6299]). For instance, lanthanum complex has demonstrated considerable cytotoxicity on human cervical carcinoma cells *in vitro* ([@b6-etm-0-0-6299],[@b7-etm-0-0-6299]). Lanthanum chloride (LaCl~3~) also significantly inhibited the growth and induced the apoptosis of leukemia cell lines, HL-60 and NB4 ([@b8-etm-0-0-6299]). In addition, lanthanum has been involved in the growth arrest of human gastric cancer cells ([@b9-etm-0-0-6299]). All these observations suggested that lanthanum, a rare earth element, has the capacity to promote anti-tumor regulation ([@b10-etm-0-0-6299]).

In the present study, the therapeutic effect of LaCl~3~ on ovarian tumors was elucidated, based on the investigation of ovarian cancer cell lines *in vitro* and a xenograft animal model *in vivo*. It was observed that LaCl~3~ was able to enhance the inhibitory effect of cisplatin on the cell proliferation and carcinogenesis. These data provided a solid experimental basis for the treatment of ovarian cancer, revealing a potential strong anti-tumor candidate in the treatment of this tumor.

Materials and methods
=====================

### Animals

A total of 60 female BALB/C nude mice (4-6 weeks old and weighing 13-15 g) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd. (Shanghai, China). All animals were housed in micro-isolator cages in a light- and temperature-controlled room under a 12/12 h light/dark cycle at 23-25°C. All animals had free access to food and water according to the Guide for the Care and Use of Laboratory Animals ([@b11-etm-0-0-6299]). In particular, any effort was put to avoid unnecessary pain of the animals. All the animal protocols were approved by the Ethics Committee of the First Affiliated Hospital of Nanchang University (Nanchang, China).

### Cell culture and treatment

A cisplatin-sensitive human ovarian cancer cell line COC1 (American Type Culture Collection, Manassas, VA, USA) was cultured in RPMI-1640 medium (Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) supplemented with 10% fetal bovine serum (Hyclone; GE Healthcare Life Sciences) at 37°C and 5% CO~2~. The cisplatin-resistant subline COC1/DDP was obtained by culturing COC1 cells in 0.2-0.5 µg/ml cisplatin (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) with gradually increasing concentrations for 3 weeks at 37°C and 5% CO~2~ to finally obtain steady cisplatin resistant cells. Cells were transferred into cisplatin-free medium for 48 h prior to experiments.

For *in vitro* studies, cells were transferred into cisplatin-free medium for 48 h prior to experiments. COC1 or COC1/DDP cells were divided into 4 groups: The LaCl~3~ group in which cells were treated with 20 µg/ml LaCl~3~ (Sigma-Aldrich; Merck KGaA); the cisplatin group in which cells were treated with 20 µg/ml cisplatin (Sigma-Aldrich; Merck KGaA); the LaCl~3~/cisplatin group in which cells were treated with 20 µg/ml LaCl~3~ and 20 µg/ml cisplatin; and the control group in which the cell were left untreated. Cells were cultured on 96 well at a density of 1×10^4^ cells/well.

For the cells prepared for injection into mice, the medium was replaced by fresh medium in order to remove dead and detached cells at 3-4 h before harvesting. Cells were centrifuged at 251 × g for 4 min at room temperture, washed twice with phosphate-buffered saline (PBS) and stored on ice. Cells were suspended in 300 µl PBS containing 2.0×10^6^ cells per injection.

### Xenograft animal model of ovarian cancer

The inoculation area of the mice was cleaned and sterilized with ethanol and iodine solutions. COC1 or COC1/DDP cells were injected subcutaneously into nude mice at the scapular region. An evident tumor (200-300 mm^3^) was observed 4 weeks after cell injection. At that time, 6 mice were anesthetized using 45 mg/kg pentobarbital by intraperitoneal injection, an incision was made to expose the abdomen and ovary, then tumor tissues were dissected from the nude mice and cut into the small sections (\~10 mm^3^). Then, the tumors were subsequently transplanted into the ovaries of the other 40 mice. At 3 weeks after transplantation, the incision was opened again and the tumor size was measured. Then mice were injected with tumor cells were further divided into 4 groups with 5 mice in each group. The LaCl~3~ group was treated with 10 mg/kg LaCl~3~ by intraperitoneal injection. The cisplatin group was treated with 10 mg/kg cisplatin by intraperitoneal injection. The LaCl~3~/cisplatin group was treated with 10 mg/kg LaCl~3~ and 10 mg/kg cisplatin by intraperitoneal injection. The control group was treated with 0.5 ml 0.9% sodium chloride solution by intraperitoneal injection. Each treatment was given once a week for 4 weeks. Mice were sacrificed at 4 weeks after each corresponding treatments, tumor tissues were then dissected from the ovaries and the tumor volume was calculated according to the following formula: Volume (mm^3^)=length × width × height × π/6.

### Terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay

TUNEL assay was performed using an *in situ* cell death detection kit (Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Briefly, cells were cultured for 48 h after LaCl~3~, cisplatin or combined of LaCl~3~ and cisplatin treatment. Then cells were fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100. Subsequently, fragmented DNA was labeled with fluorescein-12-dUTP (Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37°C for 1 h, and the reaction was terminated by the addition of saline-sodium citrate buffer, followed by washing twice with PBS. TUNEL-positive nuclei were investigated under a fluorescent microscope (Nikon Corp., Tokyo, Japan) and counted from the entire sample.

### Immunohistochemical analysis

The cells were washed in PBS, blocked for 60 min in 0.3% Triton X-100 in PBS and 5% bovine serum albumin. Next, samples were incubated overnight at 4°C with primary antibodies against: B-cell lymphoma-2 (BCL-2; cat. no. ab692; 1:500), Ki67 (cat. no. ab15580, 1:500), breast cancer 1 (BRCA1; cat. no. ab16780; 1:500), BRCA2 (cat. no. ab27976; 1:500) and excision repair cross-complementation group 1 (ERCC1; cat. no. ab2356; 1:100; all purchased from Abcam, Cambridge, UK). Horseradish peroxidase-conjugated anti-mouse secondary antibodies (cat. no. ab193651; 1:500; Abcam) was subsequently applied to the slides, and incubated for 1 h at room temperature. Finally, DAB/H~2~O~2~ was added to the surface of the slide and the slides were visualized by light microscopy at a magnification of ×200.

### Statistical analysis

The measurement data was expressed by mean ± standard deviation. Comparisons among groups were conducted using one-way analysis of variance followed by a Tukey post hoc test. P\<0.05 was considered to indicate differences that were statistically significant. All analyses were made using SPSS (version 20.0; IBM Corp., Armonk, NY, USA).

Results
=======

### Co-application of LaCl~3~ and cisplatin substantially promotes COC1 cell death in vitro

TUNEL assay was conducted to evaluate the cell death following treatment with cisplatin, LaCl~3~ or cisplatin + LaCl~3~ in the COC1 and COC1/DDP cell lines ([Fig. 1A-D](#f1-etm-0-0-6299){ref-type="fig"}). The data indicated that the percentage of TUNEL-positive cells in the cisplatin-treated COC1 cells were significantly higher compared with that in the control group (P\<0.001; [Fig. 1E](#f1-etm-0-0-6299){ref-type="fig"}). By contrast, the addition of LaCl~3~ further promoted the apoptotic effect of cisplatin, leading to a markedly higher percentage of apoptotic cells in the cisplatin+LaCl~3~ co-treated group (P\<0.001; [Fig. 1C](#f1-etm-0-0-6299){ref-type="fig"}). However, application of LaCl~3~ only did not evidently affect the cell death or apoptosis ([Fig. 1D](#f1-etm-0-0-6299){ref-type="fig"}). Similar results were obtained in the COC1/DDP cells ([Fig. 2](#f2-etm-0-0-6299){ref-type="fig"}). Thus, it can be concluded that LaCl~3~ was able to enhance the apoptotic effect of cisplatin on the ovarian cancer cells.

### Combination of LaCl~3~ and cisplatin affects the expression of tumor-associated proteins

Next, the present study determined whether the co-application of LaCl~3~ is able to alter the expression of tumor-associated proteins. Firstly, the expression of proliferative cell marker Ki67 in COC1 cells was decreased in the presence of cisplatin as compared with the control cells ([Fig. 3A](#f3-etm-0-0-6299){ref-type="fig"}). LaCl~3~ stimulation together with cisplatin further decreased the expression of Ki67. By contrast, the effect of LaCl~3~ on the Ki67 expression was minor. The expression of BCL-2, an oncogene and anti-apoptotic protein, was also examined, and presented a trend similar to Ki67 ([Fig. 3A and B](#f3-etm-0-0-6299){ref-type="fig"}). On the contrary, the expression levels of human tumor suppressor genes, BRCA1 and BRCA2, exhibited the opposite results ([Fig. 3C and D](#f3-etm-0-0-6299){ref-type="fig"}, respectively). Namely, the application of cisplatin alone increased the expression levels of BRCA1 and BRCA2, while co-treatment with cisplatin and LaCl~3~ further increased the expression levels of BRCA1 and BRCA2. Furthermore, the current study also detected the expression of ERCC1, which is responsible for DNA repair, and identified a similar pattern to that of Ki67 and BCL-2, with a decrease observed in ERCC1 expression in the cisplatin and cisplatin + LaCl~3~ groups ([Fig. 3E](#f3-etm-0-0-6299){ref-type="fig"}). In the COC1/DDP cells, all the results were similar with those observed in the COC1 cells ([Fig. 4](#f4-etm-0-0-6299){ref-type="fig"}). Collectively, the immunochemical data indicated that LaCl~3~ and cisplatin combined treatment decreased the expression of proteins associated with proliferation and oncogenesis, and increased the expression of tumor suppressor protein.

### LaCl~3~ and cisplatin co-treatment inhibits the tumor growth in vivo

The present study also evaluated whether the application of LaCl~3~ and cisplatin affected the tumor growth *in vivo*. The tumor xenograft animal model, established using COC1 cells, demonstrated that cisplatin and LaCl~3~ co-incubation was able to inhibit the tumor growth *in vivo* ([Fig. 5A](#f5-etm-0-0-6299){ref-type="fig"}). Cisplatin treatment significantly reduced the tumor weight and size by 47 and 54%, respectively (P\<0.001; [Fig. 5B and C](#f5-etm-0-0-6299){ref-type="fig"}). Co-application of cisplatin and LaCl~3~ further and significantly decreased the tumor weight and size by 56 and 66%, respectively, compared with those in the control animals (P\<0.001). By contrast, LaCl~3~ alone did not affect the tumor growth. The xenograft of COC1/DDP cells demonstrated similar results ([Fig. 6](#f6-etm-0-0-6299){ref-type="fig"}). These findings indicated that LaCl~3~ exerted an inhibitory effect on the *in vivo* growth of ovarian tumor.

Discussion
==========

In the present study, it was observed that LaCl~3~ promoted the cisplatin-induced inhibition of ovarian cancer cell growth and tumorigenesis in a mouse model of ovarian cancer. In addition, this process was associated with the alteration of the expression levels of specific tumor proteins. The current research provides novel *in vitro* and *in vivo* evidence to support the potential clinical application of LaCl~3~ in the treatment of ovarian cancer.

Although it has been previously reported that LaCl~3~ affects multiple tumor growth based on cell-based assays and animal experiments ([@b10-etm-0-0-6299],[@b12-etm-0-0-6299]--[@b14-etm-0-0-6299]), its precise biological role remains largely unclear. Therefore, further investigations on the underlying mechanisms are required. The lanthanum compound KP772 has anticancer properties associated with p53-independent G0/G1 arrest and apoptosis induction ([@b12-etm-0-0-6299]). Apoptosis is a critical stage in the cell cycle, maintaining the balance between proliferation and cell death. In the present study, it was demonstrated that the application of LaCl~3~ increased the percentage of TUNEL-positive COC1 or COC1/DDP cells induced by cisplatin, indicating that LaCl~3~ was able to interfere with the cell cycle progression and promote apoptosis. This increased ratio of apoptotic cells was possibly due to a decrease in the percentage of cells in S and G2/M phases and increase in the percentage of cells in G0/G1 phase. However, the cell cycle status requires further investigation in the future work.

Xenograft models, which are more biologically representative of patient tumors, are valuable models in predicting the clinical outcome ([@b15-etm-0-0-6299]). In the present study, using a xenograft model in nude mice, it was observed that the tumorigenesis ability of COC1 and COC1/DDP cells was reduced in the presence of LaCl~3~ and cisplatin, as determined by the decrease in tumor size and weight *in vivo*. This finding provides strong evidence on the anticancer effect of cisplatin in combination with LaCl~3~, though LaCl~3~ itself did not demonstrate an anticancer effect, it can enhance the anticancer ability of cisplatin. However, one limitation of the present study is that the phenotypic instability of tumor cells in long-term culture was not considered. A previous study has reported that xenografts derived from cell lines generally presented a more homogeneous, undifferentiated histology and thus may be different from *in vitro* conditions that occur during extensive culturing ([@b16-etm-0-0-6299]). This affects the outcome and needs to be considered in future experiments.

Through immunohistochemical analysis, the co-application of LaCl~3~ and cisplatin was observed to result in further downregulation of Ki67, BCL-2 and ERCC1, as well as in the upregulation of BRCA1 and BRCA2. Ki67 is a proliferative cell marker that is used as a biomarker in cancer ([@b17-etm-0-0-6299]), while BCL-2 is an oncogene with anti-apoptotic function ([@b18-etm-0-0-6299]). In addition, ERCC1 participates in DNA repair in lesions ([@b19-etm-0-0-6299]). Upregulation of these proteins demonstrates the weakened ability of tumor cell repair, anti-apoptosis and proliferation. By contrast, BRCA1 and BRCA2 are human tumor suppressor genes ([@b20-etm-0-0-6299]), and the increased expression of these two proteins indicates enhanced tumor growth suppression. Thus, in the present study, downregulation of Ki67, BCL-2 and ERCC1, as well as upregulation of BRCA1 and BRCA2, induced by LaCl~3~ and cisplatin indicated the suppression of cancer growth, which is direct evidence supporting the antitumor application of LaCl~3~ in the treatment of ovarian cancer.

In conclusion, the results of the present study suggested that the combination of cisplatin with LaCl~3~ was capable of inducing ovarian cancer cell apoptosis *in vitro* and inhibiting tumor growth *in vivo*. The current study provides novel evidence to establish an experimental basis for the clinical application of LaCl~3~ as an anticancer drug. Further studies are required to reveal the mechanism involved in the synergistic role of LaCl~3~ and cisplatin.
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![LaCl~3~ enhanced the apoptotic effect of cisplatin in COC1 cells. TUNEL-positive cells in the (A) control, (B) cisplatin, (C) cisplatin + LaCl~3~, and (D) LaCl~3~ alone groups, (E) Quantification of apoptosis rates for different group of cells. The number of TUNEL positive cells was increased in the cisplatin-treated cells compared with the control cells. In addition, LaCl~3~ with cisplatin further increased the ratio of TUNEL positive cells, while LaCl~3~ alone did not have an evident effect on the number of apoptotic cells. Scale bar, 20 µm. \*\*\*P\<0.001 vs. the control group. LaCl~3~, lanthanum chloride; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling.](etm-16-02-1143-g00){#f1-etm-0-0-6299}

![LaCl~3~ enhanced the apoptotic effect of cisplatin in COC1/DDP cells. TUNEL-positive cells are shown in the (A) control, (B) cisplatin-treated, (C) cisplatin + LaCl~3~-treated, and (D) LaCl~3~-treated groups. (E) Quantification of apoptosis rates for different group of cells. Scale bar, 20 µm. \*\*\*P\<0.001 vs. the control. LaCl~3~, lanthanum chloride; TUNEL, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling.](etm-16-02-1143-g01){#f2-etm-0-0-6299}

![LaCl~3~ and cisplatin co-treatment altered the expression levels of tumor-associated proteins in COC1 cells. Expression levels of (A) Ki67, (B) BCL-2, (C) BRCA1, (D) BRCA2, and (E) ERCC1 are demonstrated. Ki67 expression decreased in the presence of cisplatin compared with the control, while application of cisplatin + LaCl~3~ further decreased Ki67 expression, and LaCl~3~ alone had only a minor effect. Similar results were obtained for BCL-2 and ERCC1 expression levels. By contrast, cisplatin increased the expression levels of BRCA1 and BRCA2 compared with the control cells, while co-application of LaCl~3~ and cisplatin further increased the levels, and LaCl~3~ alone did not have a marked effect. Scale bar, 20 µm. Magnification, ×200. LaCl~3~, lanthanum chloride; BCL-2, B-cell lymphoma-2; BRCA, breast cancer; ERCC1, excision repair cross-complementation group 1.](etm-16-02-1143-g02){#f3-etm-0-0-6299}

![Co-treatment with LaCl~3~ with cisplatin altered the expression levels of (A) Ki67, (B) BCL-2, (C) BRCA1, (D) BRCA2, and (E) ERCC1 in COC1/DPP cells. The effects of different treatments were similar with those in COC1 cells. Scale bar, 20 µm. Magnification, ×200. LaCl~3~, lanthanum chloride; BCL-2, B-cell lymphoma-2; BRCA, breast cancer; ERCC1, excision repair cross-complementation group 1.](etm-16-02-1143-g03){#f4-etm-0-0-6299}

![LaCl~3~ with cisplatin inhibited COC1 tumor growth *in vivo*. (A) Co-application of LaCl~3~ and cisplatin further decreased the size and volume of tumors, which had been decreased by cisplatin alone to a lesser extent. Statistical analysis of (B) tumor weight and (C) tumor volume is also presented. \*\*\*P\<0.001 vs. the control group. LaCl~3~, lanthanum chloride.](etm-16-02-1143-g04){#f5-etm-0-0-6299}

![LaCl~3~ with cisplatin inhibited COC1/DDP tumor growth *in vivo*. (A) Co-application of LaCl~3~, and cisplatin further decreased the size and volume of tumors, while cisplatin alone decreased the tumors to a lesser extent. Statistical analysis of (B) tumor weight and (C) tumor volume is also presented. \*\*\*P\<0.001 vs. the control group. LaCl~3~, lanthanum chloride.](etm-16-02-1143-g05){#f6-etm-0-0-6299}
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